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Solution Structure of the LDL Receptor
EGF-AB Pair: A Paradigm for the Assembly
of Tandem Calcium Binding EGF Domains
diverse biological functions, including maintenance of
extracellular matrix architecture, control of blood coagu-
lation, cholesterol uptake, and specification of cell fate
(reviewed in [1]). In several of these proteins, cbEGF
domains are arranged as multiple tandem repeats, and
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2 Division of Molecular and Cellular Biochemistry specific mutations that are associated with human dis-
ease have been identified. We have previously reportedDepartment of Biochemistry
University of Oxford the structure of a pair of covalently linked calcium-
loaded cbEGF domains from human fibrillin-1 [2]. In thatSouth Parks Road
Oxford OX1 3QU structure, it was noted that a rod-like orientation of the
two domains is stabilized by calcium binding by theUnited Kingdom
C-terminal domain and specific interdomain hydropho-
bic packing interactions. Based on this analysis and
a multiple sequence alignment of all (cb)EGF-cbEGF
domain pairs, it was proposed that tandem domains inSummary
a family of functionally unrelated proteins would adopt
the same domain organization. Here, we report theBackground: From the observed structure and se-
structure of a pair of cbEGF domains from one of thesequence of a pair of calcium binding (cb) epidermal
proteins, the low-density lipoprotein (LDL) receptor.growth factor-like (EGF) domains from human fibrillin-1,
The LDL receptor is a transmembrane cell surfacewe proposed that many tandem cbEGF domains adopt a
protein involved in the clearance of cholesterol fromconserved relative conformation. The low-density lipo-
the circulation (reviewed in [3]). It binds to two ligandprotein receptor (LDLR), which is functionally unrelated
molecules, apolipoprotein B and apolipoprotein E, com-to fibrillin-1, contains a single pair of EGF domains that
ponents of the lipoprotein molecules LDL and -VLDL.was chosen for study in the validation of this hypothesis.
Upon binding, the ligand-receptor complex is endocys-The LDLR is the protein that is defective in familial hyper-
tosed, and the ligand is discharged. The mechanism ofcholesterolaemia, a common genetic disorder that pre-
ligand-receptor dissociation has been shown to be pHdisposes individuals to cardiovascular complications
dependent, and recently it has been suggested that theand premature death.
change in pH results in a calcium-dependent conforma-
tional change of the EGF-AB region [4]. Dissociated lipo-Results: Here, we present the solution structure of the
protein is delivered to lysosomes, where its cholesterolfirst two EGF domains from the LDL receptor, deter-
esters are hydrolyzed, and the LDLR is recycled to themined using conventional NMR restraints and residual
cell surface.dipolar couplings. The cbEGF domains have an elon-
The LDLR is a modular protein, and attempts havegated, rod-like arrangement, as predicted. The new
been made to dissect its functional properties based onstructure allows a detailed assessment of the conse-
its domain organization [5, 6]. The extracellular ligandquences of mutations associated with familial hyper-
binding region comprises three types of domains: ligandcholesterolaemia to be made.
binding (LDLR-A), epidermal growth factor-like (EGF),
and YWTD (LDLR-B) [7, 8], as shown in Figure 1. TheConclusions: The validation of the conserved arrange-
LDL receptor has been identified as the protein that isment of EGF domains in functionally distinct proteins
defective in familial hypercholesterolaemia (FH), a com-has important implications for structural genomics,
monly occurring genetic disorder that is associated withsince multiple tandem cbEGF pairs have been identified
an increased risk of coronary heart disease. More thanin many essential proteins that are implicated in human
600 FH-associated mutations have been identified todisease. Our results provide the means to use homology
date, and many of these affect the EGF pair region [9,modeling to probe structure-function relationships in
10] (see also http://www.ucl.ac.uk/fh). These mutationsthis diverse family of proteins and may hold the potential
have been classified by Hobbs et al. [9] based on theirfor the design of novel diagnostics and therapies in the
functional consequences, and it appears that differentfuture.
regions of the protein may be associated with different
pathogeneses.Introduction
Deletion of the two exons corresponding to the EGF-
AB domain pair has been detected in several patientsCalcium binding epidermal growth factor-like domains
with FH and accounts for 10% of FH in the Dutchhave been identified in a large group of proteins with
population [11–14]. Studies of these patients have
shown that the EGF pair is involved in binding LDL and3 Correspondence: kristy@bioch.ox.ac.uk
mediating acid-dependent dissociation of -VLDL. In4 The authors are members of the Oxford Centre for Molecular Sci-
ences.
5 Present address: School of Medicine, Johns Hopkins University, Key words: LDLR; EGF; NMR; familial hypercholesterolaemia; resid-
ual dipolar coupling720 Rutland Avenue, Baltimore, Maryland 21205, USA.
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Figure 1. Domain Organization of the Extra-
cellular Region of the LDL Receptor
The positions of the EGF precursor homology
region and the EGF-AB pair are highlighted.
this study, we have determined the conformation of the nates over secondary structure regions changes from
0.70  0.28 to 0.59  0.16 upon refinement. Therefore,EGF-AB domain pair from the LDLR using conventional
solution NMR methods and residual dipolar coupling- the precision of the orientation of the two domains im-
proves. The structures also appear to become morederived constraints. The implications of this work for
understanding disease at the molecular level and for linear, which suggests that error propagation is signifi-
cant in the computation of elongated structures usingstructural genomics are discussed.
solely short-range, i.e., NOE-derived, distance con-
straints. Since the 2 for (T1/T2)calc  (T1/T2)meas improvesResults and Discussion
by an average of 9% when RDC values were used
in the structure calculations, the refined structures areStructure of the EGF-AB Pair Refined
considered to be more accurate. This conclusion is sup-against 1H-15N Residual Dipolar Couplings
ported by the analysis of the two families of structuresFamilies of structures were calculated for the LDLR EGF-
using PROCHECK [15], which shows that all stereo-AB pair before and after refinement using constraints
chemical parameters also improve upon refinement.derived from 1H-15N residual dipolar coupling (RDC) data
The C-terminal region of EGF-B, which would be ex-(Figure 2). Unlike conventional NOE-derived distance
pected to form a second  sheet, as in EGF-A, is notconstraints, residual dipolar couplings relate to a global
well defined. This region manifests reduced 1H-15N het-axis system and may be used to probe long-range struc-
eronuclear NOEs, indicative of motions on the ns timetural order. The backbone rmsd to the average coordi-
scale (data not shown). It is likely that interactions of
EGF-B with the adjacent LDLR-B/YWTD domain in the
intact receptor are necessary to stabilize this region.
The structure closest to the average was selected as a
representative for LDLR EGF-AB, and a stereo view of
a C trace of the backbone fold is shown in Figure 3.
Figure 2. Superposition of the Family of NMR Structures
(a) The superposition of the family of NMR structures before re-
finement.
(b) The superposition of the family of NMR structures after RDC-
based refinement.
The structures have been superposed on secondary structure back-
Figure 3. Divergent Stereo View of the C Trace for the Representa-bone atoms as defined in the text. The structure of the EGF-AB pair
tive Structure of the LDL Receptor EGF-AB Domain Pairbecomes better defined and more linear upon refinement. This figure
and Figures 4a and 5a and 5b have been produced using Molmol For clarity, every tenth C is numbered, and the N and C termini are
labeled. This figure was prepared using Insight98 (MSI).[32] and enhanced with POV-Ray for Windows, v3.1.
Structure of the LDLR EGF-AB Domain Pair
453
Figure 4. Familial Hypercholesterolaemia-Associated Missense Mutations Mapped onto Secondary and Tertiary Structures of the EGF-AB
Pair
(a) Mutations mapped onto the secondary structure of the EGF-AB pair. Consensus calcium binding residues [1] are highlighted in red.
Disulphide bond connectivities are shown as jagged lines connecting cysteine residues, which are shaded yellow.
(b) Mutations mapped onto the tertiary structure of the EGF-AB pair. Mutations that affect cysteine residues are not shown, since these are
likely to be associated with domain misfolding.
In (a) and (b), the side chains of mutated residues that are normally involved in calcium binding are shaded red. In (b), other mutated residues
are shown in cyan.
Assessment of FH-Associated Mutations be predicted based on the EGF-AB structure; however,
definitive conclusions about the roles of individual resi-in Relation to the EGF-AB Structure
The type of receptor defect associated with a particular dues must await biochemical data. The results of the
structural analysis are summarized in Table 1. We areLDLR mutation is dependent on structural context. For
example, mutations localized to the EGF-AB pair are currently evaluating these predictions in biophysical and
functional assays conducted on mutants. One mutationassociated with transport-defective and recycling-defi-
cient receptors [9]. Therefore, it seems likely that, in in particular, G352D, is likely to compromise pairwise
domain interactions. Many others are predicted to dis-general, FH-associated mutations that are not associ-
ated with protein misfolding affect receptor recycling. rupt local or global folding properties of an individual
domain. For some of the mutations, there is no clearSpecifically, based on domain deletion experiments,
these are thought to interfere with the ligand release structural basis for disease phenotype. It is possible
that these residues are involved in interdomain or inter-process [14]. It is now possible to assess the probable
consequences of mutations to the EGF-AB region in molecular interactions or that some of the mutations
may represent polymorphisms (e.g., D365E [16]).terms of the structure. In Figure 4, missense mutations
have been mapped onto the secondary and tertiary
structures of the domain pair. These mutations fall into Structural Homology of Fibrillin-1 cbEGF32-33
and LDLR EGF-ABthree groups: those involving a cysteine, those affecting
the calcium binding consensus sequence, and others Coordinates for the LDLR EGF-AB pair may now be used
to evaluate the hypothesis that a conserved mode of[2]. Since each cbEGF domain is principally stabilized
by three disulphide bonds, mutations in the first group domain arrangement exists for functionally distinct pro-
teins containing tandem cbEGF domains [2]. For theare likely to be associated with misfolding. Calcium
binding properties of the domain pair suggest that the fibrillin cbEGF32-33 family of structures, intermodule tilt
and twist angles were measured as 18  6 and 159 two sites may titrate upon endocytosis of the ligand-
receptor complex [4]. Therefore, we have hypothesized 6, respectively. Using identical methods, intermodule
tilt and twist angles for the family of LDLR EGF-AB struc-that calcium-dependent conformational change of this
region is important for LDL receptor function, which tures are 27  6 and 168  5, respectively. Therefore,
relative orientations of the two domains in each familymay explain why mutations in the second group are
associated with a disease phenotype. The conse- are the same within the experimental error. A schematic
comparison of the structures of the fibrillin-1 cbEGF32-quences of many of the mutations in the third group may
Structure
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Table 1. Predicted Consequences of FH-Associated Mutations Affecting EGF-AB
Mutation Consequences
G302S G302 has a well-defined positive φ torsion angle, which would be unfavorable energetically for serine. Likely to
disrupt the conformation of helix 1.
G303S G303 has a well-defined positive φ torsion angle, which would be unfavorable energetically for serine. A G to
S change would also result in a steric clash, disrupting the packing of R329 against helix 1.
H306Y Not clear. It is possible that H306 titrates upon endocytosis, and that this may contribute to a conformational
change of the EGF-AB region.
G314S/G314V Not clear. May disrupt turn formation.
D321N/D321E Not clear.
G322S A G to S change would result in a steric clash between the Ser hydroxyl group and Gly 352, which is involved
in pairwise domain packing. May also disrupt turn formation.
R329P The aliphatic portion of the R329 side chain packs against helix 1; therefore, this mutation may disrupt the
geometry of the first domain, specifically in the region of the calcium binding site.
I334V Not clear.
Q345R The much larger Arg side chain would sterically clash with the backbone and side chain of E359.
G352D G352 is intimately involved in pairwise domain packing; therefore, this mutation is likely to disrupt the tandem
domain organization.
Q357P Not clear. May disrupt the formation of first  sheet in EGF-B.
G361V Not clear. May be involved in pairwise domain interactions with the first LDLR-B (YWTD) domain.
Q363P Not clear. May disrupt the formation of second  sheet in EGF-B.
L364R Not clear. Larger Arg side chain may clash with K369.
D365E Not clear.
33 pair and the LDLR EGF-AB pair is illustrated in Figure whereas in fibrillin-1 cbEGF32-33, it is an isoleucine.
Therefore, the packing interaction is tolerant of different5. The interdomain hydrophobic packing interactions
identified in the fibrillin cbEGF32-33 pair are conserved types of amino acid side chains at this position. The
EGF core regions of the two structures superimposein LDLR EGF-AB. Specifically, these involve an aromatic
ring in the first domain, which packs tightly against an with a backbone rmsd of 2.83 A˚. The two structures
differ principally in the conformation of the tip of theX-Gly sequence in the second domain. In LDLR EGF-
AB, the residue preceding the glycine is a glutamate, first  sheet of the first domain, which appears twisted
in LDLR EGF-AB relative to fibrillin cbEGF32-33. It is
likely that this region of the structure is stabilized by
pairwise domain interactions with an N-terminally-linked
domain. The similarity of the two cbEGF domain pair
structures validates the hypothesis that tandem EGF
domains with the Class I consensus sequence will adopt
a rod-like arrangement.
Implications for Other Proteins Containing
Tandem cbEGF Domains
We have defined a consensus sequence for the relative
arrangement of cbEGF domains observed in fibrillin-1
cbEGF32-33 and LDLR EGF-AB as Class I [2]. An alterna-
tive motif that we refer to as Class II, with two residues
in the interdomain linkage, exists in proteins such as
Notch-1 and may define an alternative organization. We
are currently testing this idea experimentally. A multiple
sequence alignment of Class I pairs extracted from 65
proteins in the SWISS-PROT protein sequence database
[17] demonstrates that residues involved in pairwise in-
Figure 5. Schematic Comparison of the Structures of the LDLR and terdomain packing interactions in cbEGF32-33 and
Fibrillin-1 cbEGF Domain Pairs
LDLR EGF-AB are very highly conserved (see the Sup-
(a) The LDLR cbEGF domain pair. plementary material available with this article online).
(b) The fibrillin-1 cbEGF domain pair.
This is a common motif, and it is likely that the numberThe two structures were superimposed on the backbone atoms of
of proteins containing tandem cbEGF domain pairs willresidues in the minor  hairpin of the first domain through the end
of the major  hairpin of the second domain and then transposed. increase proportionately with genomic sequence data.
Conserved residues involved in hydrophobic packing interactions The proteins identified thus far include the epidermal
between the two domains are highlighted in yellow and cyan, and growth factor precursor, the fibulins and fibrillins, the
calcium atoms are shown in red. The structures are similar, with the LDL receptor and related proteins, NELL proteins 1–2,
most significant differences between the two localized to the N-ter-
nidogen, protein S, the latent transforming growth factorminal region of the first domain. It is likely that this region, as well
 binding proteins, thrombomodulin, and uromodulin.as the C-terminal one, will be affected by pairwise domain interac-
tions in the intact proteins. Several of these proteins play key roles in growth factor
Structure of the LDLR EGF-AB Domain Pair
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edited) were used for the derivation of distance constraints. Allregulation, extracellular matrix architecture, cholesterol
crosspeak assignments were performed using NMRView, versionclearance, and blood coagulation; others have roles that
3.12 [24].have not yet been clearly defined. Mutations identified
in genes coding for the fibrillins, the LDL receptor, latent
Structure Calculationstransforming growth factor  binding protein 2, and pro-
NOE crosspeak intensities were broadly classified into four rangestein S have been linked to common human diseases
of distance constraint corresponding to 2.8, 3.5, 5.0, and 6.0 A˚. A
[10, 18–20]. total of 500 intraresidue (i  j  0), 337 sequential (|i  j|  1), 197
short range (|i  j| 	 4), and 303 long-range (|i  j| 
 4) distance
constraints were used as input for structure calculations. Ambigu-Biological Implications
ous NOEs (188) were treated as described by Nilges et al. [25]. In
addition, 45 torsion angle φ constraints were incorporated with a
Here, we present the solution structure of a region of minimum range of 30 for residues with 3JHNH  5 Hz or 
 8
the low-density lipoprotein receptor, comprising a pair Hz in regions of  or  secondary structure, respectively, where
compatible with intial structures calculated in their absence. Hydro-of epidermal growth factor-like domains. The LDL recep-
gen bonds (12) were constrained corresponding to slow-exchangingtor is a modular transmembrane cell surface protein that
amide protons in regular regions of secondary structure using twois involved in cholesterol uptake from the circulation. It
distance constraints, dO  N  3.0  0.3 A˚ and dO  HN  2.0  0.3 A˚.has been identified as the protein that is defective in Structures were calculated from an extended template using ab
familial hypercholesterolaemia (FH), a common genetic initio simulated annealing as described previously [2].
disorder causing cardiovascular abnormalities and pre-
mature death. More than 600 mutations to the LDL re- Refinement using 1H-15N Residual Dipolar Coupling Data
ceptor gene have been associated with the disease, and Orientational constraints (45) for 1H-15N bond vectors derived from
many of these encode missense point mutations in the RDC data were incorporated as described previously [26] using the
methods of Tjandra et al. [27]. The two domains of the EGF-AB pairEGF domain pair region. There is also evidence that this
were treated as one structural unit in refinement. This treatmentregion is involved in receptor recycling and release of
was justified based on analysis of backbone dynamics data forcholesterol.
calcium-loaded fibrillin-1 cbEGF 32-33 [28], fibrillin-1 cbEGF 12-13
The structure of the EGF domain pair allows interpre- (Smallridge, R.S. and A.K.D., unpublished data), and LDLR EGF-AB
tation of known FH-associated mutations and gives in- (J.M.W. and A.K.D., unpublished data). These studies have demon-
sight into the basis of the disorder. For example, the strated that, in the presence of calcium, the intermodule interface
of the Class I cbEGF domain pair is the most rigid part of theobserved location of G352 in the structure suggests
structure on the ms–ps time scale. Final structures (20) were se-that the G352D mutation will disrupt pairwise domain
lected based on their agreement with experimental data, with nopacking interactions. Recent studies of the calcium
distance, torsion angle, or orientational 1JNH constraint violations 
binding properties of the EGF domains imply that recep- 0.5 A˚, 5, or 2 Hz, respectively. Validation of the structure refinement
tor-ligand dissociation may involve a calcium-depen- was based on comparison of (T1/T2)calc – (T1/T2)meas via analysis of
dent conformational change. Since calcium binding is 2 values for the structural ensembles computed before and after
refinement against the RDC-derived constraints, as described pre-known to stabilize the interdomain linkage and the rela-
viously [26].tive orientation of tandem cbEGF domains, the G352D
mutation could produce a similar conformational change
Structure Comparisonto that occurring on endocytosis of the ligand-receptor
Families of LDLR EGF-AB structures were superimposed on thecomplex.
backbone (C, C, and N) atoms of residues in secondary structureThis work also has more general implications for the
(-helix, 300–303;  sheet 1, 307–309/316–318;  sheet 2, 323–325/
interpretation of amino acid sequences in terms of struc- 331–333;  helix 2, 336–338; and  sheet 3, 346–348/355–357) using
ture. The similarity of this structure to that of a pair Insight 98 (MSI). Intermodule tilt and twist angles were calculated
of EGF domains from human fibrillin-1, an extracellular using mod2 [29]. The domain boundaries for superposition were
set as EGF-A: 297–323 and EGF-B: 337–362. The domains werematrix protein, suggests that sequence analysis can be
superimposed based on the coordinates of the C atoms in the EGFused to identify tandem EGF domains of similar structure
core as defined by Downing et al. [2] (EGF-A, 308–323; and EGF-B,and orientation in a diverse group of functionally distinct
347–362).
proteins.
Alignment of Class I cbEGF Domain Pair Sequences
Experimental Procedures
(cb)EGF-cbEGF Class I domain pair sequences were extracted from
the SWISS-PROT (Release 39.7) and TrEMBL (Release 14.17) protein
NMR Data Acquisition and Analysis
sequence databases [17] using the Prosite [30] pattern: X(4)-C-
Expression of the EGF domain pair from the LDLR (EGF-AB), prepa-
{C}(2,14)-C-{C}(2,8)-C-{C}(2,12)-C-{C}-C-{C}(2,15)-C-{C}-[QDNE]-{C}-
ration of unlabeled and uniformly isotopically 15N-labeled NMR sam-
[QDNE]-[QDNE]-C-{C}(2,14)-C-{C}(2,8)-C-{C}-[DN]-{C}(4,8)-[YF]-{C}-
ples, and data acquisition and analysis for sequential assignment
C-{C}-C-{C}(2,15)-C, which codes for a single interdomain residue.
have been described previously [4]. In addition to these data, 3JHNH Duplicate sequences from the same species were deleted from the
coupling constants were measured via line shape fitting to one-
sequence list. A total of 574 nonredundant domain pair sequences
dimensional traces extracted from a 1H-15N HMQC-J [21] spectrum
were identified in 65 proteins. The 305 sequences from the SWISS-
with acquisition time and digital resolution of 91 ms and 0.56 Hz
PROT database were aligned using ClustalX (1.8) [31] using default
pt1 in F2. Slow-exchanging amide protons were identified in a series parameters and a Gap Separation Distance of 3.
of HSQC [22] spectra recorded after dissolving the sample in 2H2O.
Residual dipolar couplings (1H-15N) were measured from the 1JNH
splitting in the 15N dimension of a HSQC-type experiment incorporat- Supplementary Material
A figure showing a multiple sequence alignment of the 305 Classing a S3E pulse sequence element [23]. The data were processed
using Felix 2.3 (MSI) and analyzed as described previously [4]. I (cb)EGF-cbEGF domain pairs extracted from the SWISS-PROT
database is available with the online version of this article at http://NOESY data acquired with a mixing time of 150 ms in 99.9% 2H2O
(two-dimensional) and 90% H2O/10% 2H2O (three-dimensional, 15N- images.cellpress.com/supmat/supmatin.htm.
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